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Phase modulation of electromagnetic (EM) waves plays a central role in photonics research. The ability to control the local EM phase underpins important applications such as holographic imaging, polarization manipulations, and wave-front controls [1] [2] [3] . Such phase modulation was conventionally achieved via modulating the refractive index of bulk materials. The dimension of such systems is typically on the order of wavelength, and therefore too bulky for optical integrations. Metasurfaces, ultra-thin MTMs composed of planar sub-wavelength units, were utilized to achieve phase changes covering full range of 360 degrees. However, the metasurfaces-based phase modulators currently available are mostly passive elements which cannot be tuned externally. Here we experimentally demonstrate full-range gate-tunable THz phase modulation, realized by an ultra-thin meta-system integrating graphene and a specially designed metasurface [4] . We show that a gate bias applied on graphene through ion liquid tunes its optical conductivity, turns the coupled system from an under-damped resonator to an over-damped one, and induces drastic modulation on the phase of the reflected wave. This is in stark contrast to the two-port resonator (with both reflection and transmission channels) commonly used in previous studies, where only a small phase modulation was possible. Our findings represent a significant advance over previous attempts on photonic devices with tunable responses, and our method points to new design strategies for future active phase modulators. Figure 1(e) schematically depicts the structure of our meta-system, which is a reflective metasurface combined with a gate-controlled graphene put on top of the metasurface. The reflective metasurface consists of a continuous metallic film coupled with an array of metallic patches through an insulating spacer, which exhibits a magnetic resonance at 0.3 THz. Figure 1(f) shows the optical picture of our sample. We measured the reflective spectra of the 978-1-55752-968-8/15/$31.00 ©2015 Optical Society of America AF2E.6.pdf CLEO:2015 © OSA 2015 meta-system under different gating voltages. Figure 1(a)-(d) show that a dramatic phase modulation is realized upon increasing the carrier concentration through gating, accompanied with a drastic change on reflection amplitude. In particular, we found that the reflection phase exhibits a typical magnetic-resonance characteristic with 360 phase variation across the resonance as the gate-voltage is less than a critical value, while it changes to an electricresonance behavior with diminishing phase variation when the gate-voltage exceeds the critical value. All these intriguing phenomena can be well explained by a one-port coupled mode theory, where the underlying physics is governed by a transition from under-damped to over-damped resonator, driven by gating the graphene which breaks the subtle balance between radiation and intrinsic losses.
While 180 is already a breakthrough for active phase modulation, it is still not enough for many photonic applications which typically request full-range ( 360 ) phase modulation. To address this issue, we designed two gate-controlled graphene metasurfaces which resonance at two slightly different frequencies. As shown in Fig. 2 , our experiments show that there is a frequency interval where one system can modulate THz phase from 0 degree towards 180 degrees while the other can modulate THz phase from 0 degree towards -180 degrees. Therefore, combining these two meta-systems, we can realize a maximum phase modulation of 243 degrees inside the shadowed frequency region. We note that the phase modulation range can be further enlarged by improving the sample qualities. Obviously, using these two meta-elements in combination with appropriate gating voltages, one can design meta-surfaces with arbitrary reflection-phase profiles, which can realize many interesting applications. In conclusion, we experimentally demonstrated a scheme to realize full-range active THz phase modulation employing gate-controlled graphene metasurfaces, with overall thickness down to deep sub-wavelength regime. Many applications that critically rely on full-range phase modulations, such as gate-tunable wave-front control and holographic imaging, can in principle be realized based on our findings. We have experimentally realized a tunable THz polarization modulator as one of such applications, and will discuss it with more details in the conference. Other possible applications of our findings, as well as the related physics model explanations, will also be discussed in the conference.
